Solar thermal drying of canarium indicum nuts by Curtis, T. et al.
          Deakin Research Online 
 
This is the published version:  
 
Curtis, T., Fuller, R. J. and Corkish R. 2010, Solar thermal drying of canarium indicum nuts, 
in Solar 2010 : Proceedings of the 48th AuSES Annual Conference : Bringing business and 
research together for a better tomorrow, [AuSES], [Canberra, A.C.T.], pp. 1-10.                                    
 
Available from Deakin Research Online: 
 
http://hdl.handle.net/10536/DRO/DU:30033238 
 
Every reasonable effort has been made to ensure that permission has been obtained for items 
included in Deakin Research Online. If you believe that your rights have been infringed by 
this repository, please contact drosupport@deakin.edu.au 
 
Copyright : 2010, AuSES 
Solar2010, the 48th AuSES Annual Conference 
1-3 December 2010, Canberra, ACT, Australia 
Solar Thermal Drying of Canarium Indicum Nuts 
 
T. Curtis
1
, R.J. Fuller
2
 and R. Corkish
1
 
1
School of Photovoltaic and Renewable Energy Engineering 
University of New South Wales 
Kensington NSW 2052 
2
School of Architecture and Building 
Deakin University, Geelong Victoria 3217,  
AUSTRALIA 
Email: r.corkish@unsw.edu.au 
 
ABSTRACT 
Many situations exist in rural areas of developing countries where the help of simple 
technology can make substantial positive impacts on living conditions, finance, and in 
this case; sustainability. In the Melanesia region, there are numerous areas identified as 
needing improvement, including indigenous food preservation which will be addressed 
with a proposed solar thermal solution utilizing locally available materials as much as 
possible for low cost local construction.  
The current knowledge of the drying requirements for the product chosen in this study 
is quite limited. However, it is believed that solar thermal drying might be feasible for 
the remote sunny regions as in Melanesia. This paper describes the processes involved 
in determining the drying parameters of the Canarium indicum nut, and the proposed 
solar dryer designs that have been considered for the particular environmental 
conditions and product specifications. Through the selection process, a mixed mode, 
low-tunnel solar dryer was chosen as the best match to satisfy the different parameters.  
Keywords ⎯ drying, food preservation, solar thermal, tunnel dryer, Vanuatu 
INTRODUCTION                                   
The Canarium indicum nut is an important resource to the indigenous peoples of 
Melanesia, high in nutritional content and a potentially lucrative crop for export. 
Common names for this nut vary by region, but perhaps most widely used include 
‗Galip‘, Nangai‘ and ‗Ngali‘ (Thompson and Evans 2006). These nuts are enjoyed raw, 
dried or even roasted and often incorporated into traditional puddings mixed with 
available starches such as cassava and taro (Chaplin 1988). The harvest season for the 
Canarium Indicum nut varies depending on latitude, starting as early as June in Papua 
New Guinea and as late as October in Vanuatu, farther south of the equator (Bourke et 
al. 2004). These authors also suggest that there is no apparent relationship between 
harvesting season and rainfall seasonality; instead the harvesting coincides with the dry 
season which is favourable for the option of solar drying. Traditionally, C. indicum nuts 
are just dried openly in the sun (Evans 1991). However, this method allows very little 
control in the drying process and can produce considerable variation in the finished 
product which limits the possibilities for sale or export. There have also been cases of 
small food dryers where imported diesel is used to generate the electrical power needed 
to run them.  Other problems which present challenges for this crop include the poor 
transport infrastructure between the remote location of the growing crop and where a 
central location might be, which would have more resources for processing. Once the 
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kernels have been removed from their shell, the shelf life is considerably reduced, thus 
limiting further preservation (Nevenimo et al. 2007). To address this problem of food 
spoilage and inability to preserve this indigenous food source effectively and 
sustainably, this paper proposes a locally constructed solar thermal crop dryer which 
will add some control over the rate and temperature of drying. This would enable drying 
of the C. indicum nuts to be performed at the sites where they are grown, with the 
kernels still in shell, to an acceptable moisture content for consumer quality and an 
extended shelf life (Evans 1994).  
This paper will explore the known properties of the Canarium indicum nuts evaluated 
for the solar dryer design parameters and describe different existing solar dryer 
technologies considered for this project. Also, the approach taken for validating the 
moisture content of this crop will be discussed, and the methodology used in 
determining the solar dryer design requirements to meet the load in Vanuatu. Finally, 
the testing and implementation phase will be discussed. 
SELECTED PROJECT SITE DESCRIPTION 
Port Vila, Vanuatu is the selected project site in Melanesia, based on personal local 
contacts who are currently drying C. indicum nuts using imported diesel, but would 
benefit greatly from a more sustainable solution.  
Port Vila, Vanuatu (Sun) 
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Fig. 1: Solar data from the Bauerfield airport in, Vanuatu (RETScreen4 1997-2008) 
Based on the solar climate data in Fig. 1, this site has an average of 5.65 – 6.67 peak sun 
hours per day from September to November, which is the typical harvest season for this 
crop (Bourke et al. 2004). The hot wet season is from November to April and in Fig. 1, 
the colder dry season from May to October (Vanuatu 2007). The average temperature 
and relative humidity at this location from September to November are 24°C and 82% 
respectively (RETScreen4 1997-2008).  
A prototype dryer will be built and tested in Sydney during late spring and summer to 
obtain preliminary results. The weather during this period in Sydney is usually warm 
and humid, but slightly cooler than the weather during the harvest season in Vanuatu, 
with average daily temperatures ranging between 18.5 - 21.9°C and average relative 
humidity is 53 – 68% from October to December (Bureau of Meteorology 2010). 
However, the average daily number of peak sun hours in Sydney during these months 
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varies from 5.8 to 6.9, which are very similar to those during the harvest season in Port 
Vila (Australian Government 2008).  
CROP CHARACTERISTICS 
The trees bearing the C. indicum nuts are most commonly found growing in the lowland 
tropics, from near sea level to 250 m elevation in the Melanesia region (Thompson and 
Evans 2006). The size of the nut in shell can vary considerably by region, for example 
in Vanuatu; samples were taken which measured between 36-56 mm long by 23-34 mm 
wide and weighed 9-18 g in fresh weight (Fig. 2) (Thompson and Evans 2006). The 
output of nuts per tree is also quite variable, recorded anywhere from 13 to 220 nuts per 
tree (Nevenimo et al.). 
 
Fig. 2: C. indicum nuts-in-shell 
variation (Thompson and Evans 2006) 
 
 
 
 
 
 
 
 
Fig. 3: C. indicum dried kernels (source 
unknown) 
In the literature, there appears to be some variation in the reported values for the 
properties of the C. indicum kernels, which are shown in the table below.  
 
Tab. 1: Selected properties of raw C. indicum kernels 
Properties (Maima 1994) (English et al. 1996) (Evans 1991) 
Moisture (%) 24 35.4 - 
Oil/fat (%) - 45.9 74.9 
Protein (%) - 8.2 14.2 
SOLAR DRYER TECHNOLOGY OVERVIEW 
Aside from open sun drying, there are three other modes that will be addressed here, 
including ‗direct‘, ‗indirect‘, and ‗mixed‘. Open sun drying accounts for high crop yield 
losses every year but continues to be a practiced method of drying by many farmers due 
to the high cost of commercial dryers (Murthy 2009). Crops dried in this manner usually 
do not meet the quality standards necessary for commercial export, limiting handling to 
local markets, which in turn significantly reduces revenue potential. Therefore, methods 
of controlled drying are becoming more widely explored and implemented, including 
solar thermal drying (Sharma et al. 2009).  
Direct mode, or ‗integral-type‘, dryers employ the design principle of a simple structure 
with transparent walls allowing for direct solar radiation to fall on the product being 
dried (Ekechukwu and Norton 1999). The moisture from the crop is extracted by 
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heating through direct absorption while simultaneously heating by convection which 
causes the relative humidity of the surrounding air to drop, increasing its moisture 
carrying potential (Ekechukwu and Norton 1999). The main advantage of direct drying 
is that it is the most effective method of transfer of the sun‘s energy to the crop (Fuller 
1996). However, certain disadvantages can also be associated with this direct solar 
radiation, such as the possibility of crop damage from over-heating or slowed drying 
rates due to limited moisture extraction (Ekechukwu and Norton 1999). An example of 
this type of dryer is shown below in Fig. 4. 
Indirect solar drying which is sometimes referred to as ‗distributed type‘ drying simply 
denotes that the sun‘s rays do not directly impinge upon the crop (Ekechukwu and 
Norton 1999). The system design supporting this working principle usually includes a 
solar air collector where hot air is channelled into a separate drying chamber to dry the 
crops (Gregoire 1984). By avoiding direct solar radiation on the crops, any discoloration 
or localized heat damages can usually be prevented which can be particularly beneficial 
to perishable fruits where the vitamins or other nutritional qualities may be reduced if 
directly exposed to the sunlight (Ekechukwu and Norton 1999). One of the drawbacks 
of using the indirect drying approach compared to direct drying is the higher cost of 
materials to construct the additional necessary components, such as the solar air 
collector (Ekechukwu and Norton 1999). A cabinet dryer is an example of an indirect 
type, pictured below in Fig. 5. 
Mixed mode dryers simply combine components of both direct and indirect designs. 
This means a dryer having a separate solar air collector in addition to having direct 
radiation incident on the crop.  
Selection of solar dryer 
By evaluating the different types of dryer technologies in conjunction with the crop 
specifics, environment, and the climatic conditions, a best case prototype can be 
determined.  
The following must first be considered; the anticipated crop loading, the estimated 
temperatures for drying, and the climate where the dryer will be operating. The 
anticipated crop loading in Port Vila has not yet been determined, therefore the figures 
used will refer to the prototype dryer to be built and tested in Sydney for preliminary 
results. Although the prototype may be a scaled down version, the design chosen will 
still be based on anticipating larger crop loads in Vanuatu. In the literature it is 
suggested that oven drying the kernels for 10hrs at 60°C would result in acceptable 
consumer quality (Evans 1994). Since the nuts will be dried in shell, the effects that the 
direct solar radiation and temperature might have on the crop is unknown. Therefore, 
the dryer will be designed conservatively, aiming to reach and maintain 50°C, but 
allowing for longer drying times. As noted previously, the location where the nuts will 
be dried is quite humid and Dong (2008) reports that for humid climates and in direct 
sunlight, air temperature is a more important factor to consider, more so than wind 
speed. The factor increasing the air temperature most effectively in a solar dryer is 
simply direct solar radiation. The wind becomes more important in less humid or 
shaded environments to facilitate evaporative cooling (Dong 2008). However, some air 
movement across the crop is still important to carry the saturated air out of the dryer, 
which can take place through either natural or forced convection. Natural convection 
depends on the tilt and placement of the air inlets to allow natural air flow through to 
the exhaust outlet, this can often be varied and unpredictable. Forced convection uses 
fans to maintain control on the rate of air flow across the crop, which can be PV 
powered for remote applications.  
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Some commercial building materials are available in Vanuatu in larger supply shops, 
such as timber, screws, cement blocks, wire mesh, etc. Most basic dryer designs could 
be supported with these resources, leaving possibly glazing and a PV powered fan as 
items that may need to be imported. Ideally, utilizing the natural building materials such 
as bamboo to support the frame and thatched natangura palm leaves for the drying trays 
will be used when possible.  
Based on the discussion above, we can estimate that the most efficient type of dryer in 
this case, needing to support a large crop load in a very humid environment, where 
adequate solar radiation is available, would be a mixed mode dryer. This would utilize 
the direct radiation to increase temperatures as well as additional heated air to help carry 
the moisture away from the crop. In this case, given that the C. indicum kernels will be 
dried in shell, discoloration or nutritional damage due to direct radiation will not be a 
problem. For mixed mode solar dryers, often an open cabinet design is employed 
although having limited tray space. However, the cabinet houses the drying trays which 
are stacked horizontally over one another, which could create variability in the drying 
since only part of the crop is directly exposed to the sun. Another mixed mode type 
dryer is a solar tunnel dryer. The nuts will be dried in a single layer; therefore a low-
tunnel solar dryer would be most appropriate. The low-tunnel dryer design allows for a 
pre-heater section at the beginning to be employed in heating the air before it reaches 
the product (Dong 2008). With these considerations in mind, the dryer selected for this 
project was a mixed mode, low-tunnel type dryer design, with an optional PV powered 
fan, as shown in Fig. 6. The PV powered fan will be used experimentally in Sydney to 
determine if it is necessary for importing or if natural convection will be sufficient for 
this design.  
 
 
Fig. 4: Direct mode solar tent dryer 
(Fellows and Hampton 1992) 
 
Fig. 5: Indirect mode solar cabinet dryer 
(Techniques 2010 accessed) 
 
Fig. 6: Low-tunnel solar dryer (Swetman 2007) 
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METHODOLOGY 
For a drying process, it is essential to know the initial percentage moisture content of 
the crop, as well as the desired final moisture content to determine the amount of 
moisture to be removed. The approach that will be used for determining the moisture 
content of the C. indicum nuts in this project will be outlined below.  
Validating crop moisture content 
There are several approved methods of moisture determination for foods, depending on 
the product. Most common are the oven-drying methods which involves heating the 
sample under specific conditions, and the weight loss resulting from this is used to 
calculate the moisture content of the sample (Cole-Parmer 1997). There is also a 
chemical method, also known as the Karl Fischer Titration, which is primarily used for 
low-moisture foods that may be high in sugar or protein (Cole-Parmer 1997). In this 
study, to remain independent of outsourcing to a chemical laboratory, a moisture 
analyser (Ohaus MB45) will be used to determine the moisture content of the nut 
samples during the drying process, which employs the same principles as oven drying, 
except much faster. This data will be used subsequently to develop a drying curve 
which will enable optimization of the solar dryer design. This is essential, since as noted 
above, the nut samples have a high rate of variation from different locations. The 
samples that will be used in these drying experiments have been obtained from 
Bougainville, Papua New Guinea with the permission of the Australian Quarantine and 
Inspection Service.  
As outlined previously, the nuts will be dried in shell; therefore the moisture content of 
the kernel as well as the shell will need to be considered in calculating the total moisture 
to be removed. However, the final moisture content of the shell is not important, only 
that of the kernel, which must satisfy the acceptable percentile limits for safe food 
storage, and in this case is 1.5% (Evans 1994). Both the kernel and the shell material 
can be evaluated using the Ohaus MB45 moisture analyser. This technology utilizes a 
halogen heat lamp with a variable temperature range in 1°C increments, as well as a 
precision scale capable of 1.0 mg samples at 0.01% moisture (Precision Weighing 
Balances 2009). To obtain a more accurate moisture reading, the kernel will be removed 
from the shell, and both parts evaluated separately. The kernel will be finely cut and 
spread in an even layer in a testing pan, and the initial weight will be measured and 
recorded by the moisture analyser. Next, a program can be selected and modified to 
appropriately dry the sample using; fast, standard, ramp or step mode, allowing different 
drying curves to be trialled. The sample will then be dried by the halogen heat lamp, 
and re-weighed to display the percentage in both moisture and solids from the 
difference in weight. The shell will be tested the same way, with some possible 
difference in the drying temperature and or time. Once the total moisture determination 
of both the nut and shell have been recorded and other nut samples are drying in the 
solar dryer, samples can be removed and tested in selected time intervals to interpret the 
rate at which they are drying as nut-in shell. The equation below demonstrates the final 
principle used in this method of moisture determination. 
% Moisture = 
(wt/wt)  
(wt of wet sample – wt of dry sample) 
x 100  
wt of wet sample 
   
(Cole-Parmer 1997)  
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Dryer design parameters 
The steps outlined below for assessing the viability of solar drying, including sizing and 
heat balance equations follow the method described in Fuller (1997). A spreadsheet 
program was used to carry out the calculations used in the model.  
Preliminary sizing 
The first set of equations work out sizing requirements of the dryer and trays based on 
crop quantity, drying time, and drying temperature. These parameters are entered as 
‗open inputs‘ in the spreadsheet so they may be adjusted as needed. The type of dryer 
must also be chosen for the design in this first step. In this case, the proposed design is 
modelled after the solar tunnel food dryer developed at the University of Hohenheim, 
Stuttgart, Germany (www.innotech-ing.de). For this study, a scaled down version will 
be used following the dimensions suggested by Dong (2008), which are: length 2.4m, 
width 1.2m, and tunnel top perimeter of 1.6m. 
Heat balance calculations 
Once the initial and final moisture of the crop to be dried has been determined, then the 
energy required for evaporation of crop moisture ( EVAPQ ) can be calculated. From the 
literature, it has been estimated that the C.indicum nuts start with 35% moisture and 
need to end up with 1.5% moisture (English et al. 1996), (Evans 1994). This means that 
0.34kg of moisture needs to be removed per 1kg of nuts as shown below in Tab. 2. 
EVAPQ  can now be calculated, with the results also shown below in Tab. 2.  If the starting 
product moisture content is unknown, this model can also be used to provide a range of 
predicted results by altering the input variables. 
To calculate the energy lost in ventilation ( VENTQ ), the specific humidity of the incoming 
and outgoing air are used based on an estimated pick-up efficiency for how saturated the 
dryer air becomes after passing across the product compared to full saturation. In the 
literature, Brenndorfer et al. (1985) regards an average pick-up efficiency of 30% over 
the entire drying period, to be good. To use pick-up efficiency, a psychrometric chart 
must be used to estimate the specific humidity of the exhaust air, also the ambient air 
and dryer operating temperature are used (Fuller 1997). The calculated value for VENTQ  
is shown below in Tab. 2, as well as all other general heat losses LEAKQ , RADQ , and CONVQ . 
For RADQ  we use  44 skycRAD TTAQ   , where A is the top surface area of the dryer,   
is the Stefan-Boltzmann constant (5.67 x 10
-8
 W/m
2
.K
-4
),   is the emissivity of the 
cover (for polyethylene   = 0.30 (Garzoli 1988), and cT  is the temperature of the cover. 
The sky temperature, skyT , is given by, 
5.10552.0 asky TT  (Tonui and 
Tripanagnostopoulos 2007). The top convective heat loss is calculated using 
49.076.695.0 wCONV VQ  (Papadakis et al.) for a tunnel dryer, where wV is the wind 
velocity (assumed to be 5.5 m/s as an average from Port Vila) (RETScreen4 1997-
2008). 
 
The total solar energy available on site ( SOLQ ) has been calculated previously from Fig. 
1, and input from the ―pre-heater‖ ( AUXQ ) will be addressed below.  
At a no load condition, the heat transfer mechanisms involved in a dryer shown in Fig. 
7, can be expressed as follows: 
VENTEVAPRADLEAKCONVAUXSOL QQQQQQQ   
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Where: 
 SOLQ   = heat input from solar energy 
 AUXQ   = heat input from “pre-heater” 
 CONVQ = heat loss due to convection 
LEAKQ   = heat loss due to leakage from dryer 
 RADQ    = heat loss due to longwave radiation 
 EVAPQ  = heat used for evaporation of crop moisture 
 VENTQ  = heat lost in exhaust airstream 
 
Fig. 7: Heat transfer mechanisms influencing a dryer (Fuller 1997). 
The values presented below have been chosen for an example case to illustrate typical 
yield from a single C. indicum tree (1kg), therefore, modelling a dryer capacity of 1kg 
of nuts at a time in a 24 hour period. The initial moisture content in this crop was set to 
35% with a final desired moisture content of 1.5% (English et al. 1996), (Evans 1994). 
Tab. 2: Dryer losses and load values 
General heat losses tunnel top 155.27 MJ 
Conductive heat losses tunnel floor 6.47 MJ 
Total heat losses of tunnel dryer 161.74 MJ 
Quantity of water to be removed per load 0.34 kg 
Latent heat of vaporization 2.38 MJ/kg 
Required energy for evaporation of moisture 0.93 MJ 
Absolute humidity of dryer air assume npu = .3 0.018 kg/kg 
Required quantity of fresh air to remove vapor 32.39 kg 
Required energy to raise temp. to remove vapor 0.85 MJ 
Total overall heat load 163.52 MJ 
Total solar energy available in noted time 6500.0 Wh/m
2
 
Total solar energy penetrating tunnel 19.09 kWh 
Total solar energy penetrating tunnel 68.74 MJ 
Solar fraction 0.42 Na 
Pre-heater energy requirement 94.78 MJ 
In Tab. 2 we can see that the general heat losses through the tunnel top account for a 
large portion of the total heat energy needed. According to weather data obtained from 
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Port Vila, Vanuatu as shown in Fig. 1, an average of 6.5 peak sun hours per day is 
available during the main C. indicum nut harvest season from September through 
November, giving us 68.74 MJ. This leaves 94.78 MJ of energy still required to meet 
the daily demand. In Fuller (1997), auxiliary heating ( AUXQ ) is used to help supply the 
additional heat needed by means of using biomass, LPG, electric, etc. However, in a 
low tunnel solar dryer a pre-heating section at the beginning of the tunnel could be 
included consisting of the underlying absorber material without the drying trays. This 
can serve as an alternative auxiliary heat source. Currently, predicted outlet air 
temperatures from the pre-heater are being evaluated using Micro-Cap (Spectrum-Soft 
2010) which can later be compared with actual test results., Once the prototype dryer is 
fully constructed, testing will commence, including the product moisture determination.  
CONCLUSION  
Addressing the problem of preservation in the South Pacific, C. indicum nuts were 
identified as an important indigenous crop, with the potential to be preserved using solar 
dryers. The properties of both the nuts and feasible dryer designs were explored, leading 
to the best suited choice of a mixed mode low-tunnel solar dryer. 
After the proposed low-tunnel solar dryer prototype is built, testing will be carried out at 
no-load, partial, and full load conditions with the C. indicum nuts during the late spring 
and summer months in Sydney. Test equipment has already been calibrated and 
programmed to record the wind speed and direction, relative humidity and ambient 
temperature using a Vaisala weather station (WXT520) and the Datataker (DT80). Air 
flow sensors measuring from 0-5m/s from E+E (models 65 and 66) will be used to 
monitor the air flow rates within the dryer. Complete moisture analysis data will be 
collected for the C. indicum nuts, and any dryer modifications needed at that time, will 
be carried out. The aim is for a second dryer to be built and implemented in Port Vila, 
Vanuatu to be site tested and eventually the technology transferred to the locals. Ideally, 
a successful solar dryer prototype can be adopted by many villages in the South Pacific 
Islands to be built locally and help sustainably preserve C. indicum nuts and other 
foods. 
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